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Introduction
Protein folding and unfolding is among the major cellular processes that are required for proper protein confirmation as well as sustenance of functional proteomic machinery. The primary amino acid sequence and the chaperone activity plays a significant role in proper protein folding. 1 Chaperons act as biocatalysts that interact with non-native proteins and form stable protein complexes. They also help in multiprotein assembly and folding. 2 The cyclophilin protein family act as molecular chaperones in various molecular and biochemical pathways. These are ubiquitous proteins found to be present in all organisms ranging from bacteria to mammals. These proteins are members of the 'immunophilin' group of proteins which act as a cellular target of immunosuppressant drug CyclosporinA (CsA) thus deriving Cyclophilin as their name. 3, 4 Cyclophilins have been implicated in a wide range of cellular processes like cell division, 5 transcriptional regulation, 6 protein trafficking, 7 cell signaling, 8, 9 pre-mRNA splicing, 10 molecular chaperoning 11, 12 and stress tolerance. 13, 14 Cyclophilins proteins are characterized by the presence of a highly conserved Peptidyl Prolyl Isomerase (PPIase) domain. Enzymatically, it is a peptidyl prolyl cis-trans isomerase (E.C. 35.1.2.8) i.e., and catalyzes the cis-trans isomerisation process of proline residues (Fig. 1) . 3 The exact biological role of PPIase cyclophilin proteins are the members of immunophillin group of proteins, known for their property of binding to the immune-suppressant drug cyclosporin a, hence named as cyclophilins. These proteins are characterized by the presence of peptidyl prolyl isomerase (PPIase) domain which catalyzes the cis-trans isomerisation process of proline residues. In the present study, an in-silico based approach was followed to identify and characterize the cyclophilin family from rice, arabidopsis and yeast. We were able to identify 28 rice, 35 arabidopsis and 8 yeast cyclophilin genes from their respective genomes on the basis of their annotation as well as the presence of highly conserved PPIase domain. The evolutionary relationship of the cyclophilin genes from the three genomes was analyzed using the phylogenetic tree. We have also classified the rice cyclophilin genes on the basis of localization of the protein in cell. The structural similarity of the cyclophilins was also analyzed on the basis of their homology model. The expression analysis performed using Genevestigator revealed a very strong stress responsive behavior of the gene family which was more prominent in later stages of stress. The study indicates the importance of the gene family in stress response as well as several developmental stages thus opening up many avenues for future study on the cyclophilin proteins. 15 Arabidopsis WD40 domain containing CYP71 plays a key role in gene repression and organogenesis and acts as a histone remodelling factor which ultimately leads to chromatin based gene silencing. 16 CYP38 from Arabidopsis does not exhibit the PPIase activity, however it has been shown to interact with other proteins. 17 The structural analysis of cyclophilin 40 (CyP40) from mammal has revealed that the tetratricopeptide (TPR) protein domain interacts with HSP-90, indicating the crucial role played by these proteins in signaling. 18 Although cyclophilins are ubiquitous proteins, the current study has been restricted to the study of Cyclophilin gene family from two model plant species Rice and Arabidopsis and the model eukaryotic system Yeast. We have identified 28 members of Cyclophilin gene family from Rice, 35 from Arabidopsis and compared these genes with the 8 genes retrieved from Yeast genome database. The PPIase domain in all the studied cyclophilin genes was found to be highly conserved. We have explored the phylogenetic relationship, three dimensional protein structures and the chromosomal localization of the Cyclophilins from both rice and Classification of rice cyclophilin gene family. A previous classification of the Arabidopsis cyclophilin gene family was performed on the basis of localization of the proteins. 15 On similar grounds, we have classified the rice cyclophilin gene family. There are 15 cytosolic, 5 chloroplastic, 5 secretory (Lumenal) and 3 mitochondrial cyclophilin proteins. The segregated genes on the basis of their classification have been summarized in Table 4 .
Genome wide analysis of
Chromosome localization of cyclophilin gene family. To visualize the genome organization of cyclophilin gene family members, chromosomal maps were constructed. The rice cyclophilin genes were spread across 10 chromosomes with maximum number of cyclophilin genes (6 genes) on chromosome 6 followed by 5 and 4 genes on chromosomes 2 and 8, respectively. No cyclophilin genes were found on rice chromosomes 4 and 12 (Fig. 3A) . In Arabidopsis, half of the cyclophilin family members were found to be localized on chromosomes 2 and 3 ( Fig. 3B) . A pair of genes in rice was found to be present as tandem repeats: LOC_Os6g45900 and LOC_Os6g45910. In case of Arabidopsis, none of the genes were found in tandem repeats.
Phylogenetic analysis and Homology modeling. We have analyzed the phylogenetic relationship between cyclophilin gene families from Rice, Arabidopsis and yeast by constructing a phylogenetic tree supported by bootstrap value with 1000 replicates using MEGA 5 software program. 19 The orthologs were grouped using solid boxes while the homologs were grouped in shaded boxes (Fig. 4) .
To visualize the 3D protein structure, automated template mode program of Swiss Model was used to generate models which were viewed in molecular graphics visualization program PyMoL. The modeled protein structure of rice, Arabidopsis and yeast cyclophilins (LOC_Os02 g02890, AT4G34870, and CPR3) were found to have a similar structural pattern with 8 β-pleated sheets, 2 α-helices and β-loop region (Fig. 5A-C) . 20 1dywA (structure of divergent loop of cyclophilin from C. elegans) was used as the template for the construction of homology model of rice and Arabidopsis. It shared a similarity of 75% and 71% with Rice and Arabidopsis cyclophilins respectively, while 2cfeA (crystal structure of the Malassezia sympodialis mala s 6 allergen, a member of the cyclophilin pan-allergen family) which was used as the template for yeast shared 71% sequence similarity. Cyclophilin is CyclosporinA (CsA) ligand binding protein therefore the CsA binding cavity on protein molecule was also highlighted. Rice and arabidopsis cyclophilins harboured the cyclosporin A in a similarly shaped binding pocket (Fig. 5A-B ) which was found to be different from the one observed in case of yeast cyclophilin protein (Fig. 5C) .
Gene expression analysis. To get an overview of the expression of cyclophilin genes under various developmental conditions, rice genes were analyzed using Rice Oligonucleotide Array Database Arabidopsis. Further, we have analyzed the expression level of the gene family under various abiotic stresses i.e., salinity, cold, heat and drought by mining information from the publically available microarray databases. The present study establishes a relationship between the cyclophilin genes from different model genomes.
Results

Exploration of database, protein properties and domain identification.
Database mining to find all the cyclophilin genes from rice and Arabidopsis genomes resulted in retrieval of 28 and 35 cyclophilin genes, respectively (Tables 1 and 2 ). The Saccharomyces genome database search yielded 8 cyclophilin genes ( Table 3) . The average molecular weights of the cyclophilin proteins from rice, Arabidopsis and yeast were 40 kDa, 30 kDa and 32 kDa, respectively. The pI range varied in rice cyclophilin genes from 4.4 to 11.2, in Arabidopsis from 4.5 to 12.4 while in case of yeast it varied from 5.2 to 6.9. The homologous genes of rice cyclophilins from Arabidopsis, maize and sorghum have also been listed in Table 1 . The rice and Arabidopsis orthologs of all 8 yeast cyclophilin genes have been listed in Table  3 . Sequence alignment results using ClustalW showed highly conserved PPIase motif among Arabidopsis, rice and yeast cyclophilin proteins ( Fig. 2A-C) . The localization search for the rice and arabidopsis cyclophilin genes revealed that most of the cyclophilin proteins were localized in cytosol but few were also found to be localized in the organelles like nucleus, mitochondria, chloroplast, golgi apparatus and the endoplasmic reticulum ( Tables 1 and 2) . As an exception, Arabidopsis cyclophilin gene AT4G33060 was found to be localized in plasmodesma. We also analyzed the co-expression data of cyclophilin family in Arabidopsis. Many of the co-expressed protein partners like peroxiredoxin, DEAD-box RNA helicase, ribosomal proteins, pentatricopeptide repeat containing proteins, GTP-binding protein, HSP60, calmodulin 1 etc. were actively involved in abiotic stress tolerance, stomatal movement, organelle biogenesis, signaling pathways, photosynthesis pathway and disease resistance mediated pathways ( Table 2 ). to play potent roles in protein folding and act as molecular chaperones. 11, 12 We have systematically retrieved and analyzed the cyclophilin gene family from rice and Arabidopsis and compared with the yeast gene family. It was noted that few genes were redundant in rice which might be the result of either tandem or segmental duplicated portions in rice genome. 21 The cyclophilin proteins exhibited a huge diversity on the basis of their molecular weight, isoelectric point as well as sequence at the N and the C-terminal region of protein but their PPIase domain were found to be highly conserved supporting an observation made previously. 3 Cyclophilin from rice and Arabidopsis are known to play roles in various signaling pathways and are localized throughout the cell. In our study, 9 Arabidopsis and 5 rice cyclophilins were found to be localized in chloroplast. These might be involved in maintenance of PSII integrity, regulation and stress responsive pathways.
14 Chloroplastic cyclophilins are associated with various chloroplastic proteins like rieske Fe-S protein, a component of b 6 f complex, thioredoxin, and peroxiredoxins. [22] [23] [24] These cyclophilins play potent roles in assembly of luminal proteins. 25 Many cyclophilins were also found to be localized in mitochondria and in secretory pathways. Mitochondrial cyclophilins are significantly involved in mitochondrial permeability which leads to apoptosis. 26 Lumenal cyclophilins are mainly involved in coordination of cell polarity and root cell proliferation. 27, 28 Patrick et al., (2004) 15 chose localization as criteria for classification of the Arabidopsis cyclophilin gene family. We have extended the same criteria to classify, previously unclassified, rice cyclophilin family. The classified groups did not show a close relationship in the phylogenetic analysis due to a weak sequence similarity. This hints toward different roles of the cyclophilin genes residing in the same organelle.
The phylogenetic analysis of rice, Arabidopsis and yeast cyclophilin family members was performed using MEGA 4, using bootstrap value of 1000 replicates. Overall, the bootstrap value of the parent nodes as well as the nodes of the individual clades was found to be very low, indicating high sequence variation in the proteins. 29 Nevertheless, few homologs and orthologs could be identified as they were clustered in same clade with high bootstrap value support. These have been marked in the phylogram. In general, cyclophilins from rice and Arabidopsis were more closely related to each other as compared with yeast (http://www.ricearray.org). Rice genes LOC_Os06 g49480 and LOC_Os02 g02890 were found to be constitutively upregulated while LOC_Os07 g29390, LOC_Os08 g05050, LOC_Os02 g30620 and LOC_Os10 g15370 were found to be constitutively downregulated. LOC_OsO6g49470 was found to be downregulated in all developmental stages except for inflorescence P6 stage, where its expression was highly upregulated. Similarly, LOC_ Os08 g19610 exhibited a leaf specific upregulation. Other genes had variable expression at different developmental stages (Fig. 6A) .
The expression profile of Arabidopsis cyclophilin genes revealed an interesting aspect. Thirteen out of 30 genes were found to be upregulated in senescence stage, 5 out of them to be highly upregulated. AT1G44478 did not show any expression in any of the developmental stages, while AT3G22920, AT1G74070 showed very low developmental stage specific expression. Overall, leaving apart few exceptions and the senescence stage specific expression, the Arabidopsis cyclophilin genes showed very low expression in various developmental stages (Fig. 6B) .
In the case of rice cyclophilin genes expression profiles analyzed in 7 d old seedlings submitted to three different abiotic stress conditions (drought, salt and cold), 9 out of 27 genes (LOC_Os08 g44520, LOC_Os05 g01270, LOC_Os06 g49480, LOC_Os02 g02890, LOC_Os07 g29390, LOC_Os02 g02090, LOC_Os08 g05050, LOC_Os02 g30620 and LOC_Os10 g15370) showed a constitutive upregulation or downregulation in all three stresses. Rest of the genes exhibited a differential expression pattern in either single or multiple stresses. No cyclophilin gene was found to be specifically responsive to only one of the stress, while being unresponsive to the other two stresses.
The Arabidopsis cyclophilin family was less responsive to various stresses as compared with the rice cyclophilins. Of all, only one gene (AT2G21130) showed a stress specific response in case of cold stress. In general, the expression of few genes was induced in osmotic stress and correspondingly in salt stress. The genes barely showed variation in expression in the early stages of cold, drought, osmotic and salt stress, but was still better responsive under prolonged stress conditions (Fig. 6C) .
Discussion
Cyclophilins are ubiquitous proteins with conserved peptidyl prolyl cis-trans isomerase (PPIase) domain. It was demonstrated acid, [44] [45] [46] drought and light. [47] [48] [49] Recently, in Piriformospora indica, a plant-root-colonizing basidiomycete fungus, we observed higher expression levels of a cyclophilin A (CypA) homolog under salinity stress conditions (unpublished work). This observation is similar to the previously reported role of cyclophilin in conferring salinity stress tolerance in rice. 50 Recently we have also reported the sequence-specific 1 H, 13 C and 15 N NMR assignments and preliminary X-ray crystallographic analysis of Cyclophilin A like protein from Piriformospora indica. 51, 52 In case of the expression analysis under different developmental stages, the Arabidopsis cyclophilin genes exhibited higher response to the senescence conditions. Role of a copper chaperon has also been reported in senescence previously. 53 Spatial expression of the cyclophilin proteins was found in rice during various different developmental stages, 54 while in case of Arabidopsis CYP71 (At3g44600) gene was involved in meristem development. 16 The expression analysis of the same gene by genevestigator does not exhibit a result corroborating with the experimental finding. In another example, CYP19-2 (At2g21130) was mostly found to be expressed in young tissue and floral buds, whereas the expression analysis exhibited marked change in transcript level only in the late flowering and the senescence stage. 54 The above examples emphasize the importance of experimental verification of the in-silico data. 55 In conclusion, the cyclophilin family characterized by the presence of the PPIase domain is highly conserved in rice, Arabidopsis and the yeast genomes. The yeast genome carries orthologs for both rice and Arabidopsis cyclophilin genes. These orthologous genes could be the ancient genes from which the other plant cyclophilins have arisen during the genome duplication events. Alternatively, the yeast genome could have lost extra cyclophilin genes while the plants retained them. In either of the cases, the role of the cyclophilin genes as a protein chaperon makes them an essential component of the cellular machinery. The gene family plays multitude of roles in stress conditions as well as in different developmental stages making it one of a strong candidates for study and application for crop improvement.
Materials and Methods
Screening of genome database. A putative sequence search was performed using the nucleotide sequence of one of the cyclophilins, which possibly indicates divergent evolution of plant cyclophilins from yeast cyclophilins. As the members of the plant kingdom have a common ancestor, the high sequence divergence among the rice and Arabidopsis cyclophilins could have arisen due to differential selection pressure on the two plant species. The homolgs as depicted by the phylogenetic tree did not correspond to the neighboring genes on the chromosomes indicating that these homologs have not arisen from the tandem duplication events.
The genes that coexpress with cyclophilin gene in Arabidopsis are listed in Table 2 . Many of these are known to be involved in abiotic stresses as well as various other cellular processes. DEADbox RNA helicase found as co-expressed gene of AT2G21130 has been reported to play role in mRNA export and stress tolerance, 30, 31 Histone deacetylase (HDA) protein found as coexpressed gene of AT3G56070 acts as chromatin remodelling protein and play role in transcriptional repression, 32 Ca + binding protein important in Ca + signaling pathways and various other genes were found to be co-expressed with cyclophilin indicating its role in various signaling pathways and as a chaperone. 33 The microarray expression analysis of the cyclophilin gene families for rice and Arabidopsis revealed that many of the genes showed differential expression during abiotic stress conditions as compared with the control conditions. The cellular role of the cyclophilins has been reported in signal transduction, 8, 9 DNA transcription, 34 protein trafficking, 7 apoptosis 35 and fertility. 36 In plants, it is believed to play a potent role in abiotic stress tolerance, 37, 38 hormone signaling, 39 chromatin remodelling process, 40 disease resistance. 41, 42 Role of CYP20-3 (At3g62030) gene from Arabidopsis has been reported in light and other stress conditions.
14 Another gene from rice OsCyP20-2 (LOC_Os5g01270), showed tolerance against various abiotic stresses. 47 In the case of yeast cyclophilins, it has been also reported that CPR1 gene exhibits response to multiple abiotic stresses when overexpressed in E.coli and Yeast. 43 These reports corroborate the result of the microarray generated from the genevestigator and clearly emphasize the importance of cyclophilin gene family in stress signaling as well as response.
The response to the stress conditions appeared to be generalized as the genes were not found to be responsive to specifically one stress. Ubiquitous expression of the cyclophilins has been reported in salt stress, heat and cold shock, as a response to salicylic search were used as the query loci for the next round of search. An exhaustive search for the cyclophilin genes were performed annotation project (http://rice.plantbiology.msu.edu/). 56 The resulting loci above the e-value > 0.1 from the initial database 
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LOC_Os08 g44520 LOC_Os10 g06630 till no new gene could be identified. The nucleotide and the protein sequences for all the retrieved loci were downloaded from http://rice.plantbiology.msu.edu and http://www.arabidopsis. org databases. The Cyclophilin gene sequences were verified on the basis of presence of conserved PPIase motif by carrying out domain scan using Prosite from the Expasy resource portal (http://prosite.expasy.org/). 57, 58 The genes that co-expressed with Arabidopsis Cyclophilins were predicted using ATTED-II (http://atted.jp/). The information regarding the molecular weight, pI and number of amino acid of Arabidopsis and rice cyclophilin proteins was retrieved from (TAIR) database (http:// www.arabidopsis.org/) 59 and from http://rice.plant biology.msu. edu respectively.
Protein alignment and phylogenetic analysis. The sequences of Cyclophilin proteins from Rice and Arabidopsis were aligned using ClustalW (http:// ebi.ac.uk/Tools/msa/clustalW2) and viewed in Jalview program software. 60 The domain analysis was performed using Prosite from the Expasy resource portal (http:// analyze the relationship between the cyclophilin genes in the three genomes. The tree was constructed using neighbor-joining method using 1000 bootstrap replicates. homologous gene pairs with more than 95% bootstrap value have grouped in shaded boxes while the orthologs were grouped using solid boxes. 
